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A3STRACT

" Early scoplng studies based on approximate,
analytic models have been extended on the basis
lof a dynamic plasma model and an overall systems
approuch to examine a Compact Torold (CT) reactor
embodimenc that uges a Field-Reversed Theta Pinch
aé a plasma source. The fieid-reversed plasmold
Gould be formed and compressionally heated to
lgnition prior to injection into and translation
fhrough a linecar burn chamber, thereby removing
the high-technology plasmold source from the
hostile reactor environment. Stabil{zation of
the fleld-reversed plasmold would be provided by
a’'pasaive conduction sholl located outside the
hlgh temperature blanket but within the low-field
superconducting magnets and associated radiation
shielding. On the baals of thia batch-~burn bur
'thermull; steady~gtate approach a reactor concept
emerges with a length below ~ 40 m that generates
300-400 MWe of net electrical power with a
recirculating power fraction less than 0.15,
I.
: A Compact

INTRODUCTION
Torold  (CI) 1is a plasaa
Ebnfinurutlon In which no magnetic colls or
structural walls extend through the torus.
Although conceptually not a new ideal, interest
In this conflguration was re~kindled with the
proposal of the spheromak reactor.?'l The level
of fintvrest In CT reactors {8 reflected by a
comprehenalve, toternational workshopd on  that
‘ibplc and the large number of conceptual reactors

jthat have been proposed and/or des{gned around
the CT confipuration: Fleld-Reversed Mirvor
C(FRi); the moving-ring FRM; S the moving=rin

ISpheromak;?  the Slowly=Imploding linee (Linus);
;thn Triysor=-Reconnected Adiabatleal'y=Compressoed
Morns  (THAUT); 9 Astron~like fon-ting devicen;?
"and the Fleld-Reversed Theta=Pinch (FROP) reactor
J(LTUN‘ 10 1y one inetance sven tho Reverned-Fleld
"Pinch CREPYLD haw been elalmed® aw o member  of
the GT famlly. Gonerally, plasmolds  without
jtoroldul (Lleld are clansifled!? aw Fleld-heversed
I
(e
.Hurk petlormed  under
partment of Faergy.
Cefence, Applicationa Inc.a, Amen,

the anmplees of the Y. 5.

[owi

- spheromak plasmoid in a
translate3+6:9:10

_reactor
' angumed to be

' {gnored.

‘scaling).

"""" , wheréas systems
toroidal fi/1ds are termed gpheromaks.
reactor
through ar be
linear burn chamber. Thege
proposals have one
computational understanding

An FRC or
embodizent may
held station-
ary2l3|H|7lB in a
9-10 CT reactor
feature; although a

—ContalalRg—

common

of equilibrium/etabllity requirements 1s rapidly

developing, little is known quantitatively for
use in reactor prognoses, and even less is known
about particle/energy transport. Consequently,
equilibrium/stalflity constralnts are
provided by either a
conducting shell,
finite-Larmor-radlius
‘Transport’
according to  tokamak
(~ 100~200 "Bohm  times, Tor
Depending on the degree of
applied to the equilibrium/stubility constraint,
a given CT reactor may _be setatlonary ot
translating, and a means to produce and sustain a
stationary, stesdy=-state plasmold may or may not
be apecifled. This appar-ent degree of
arbhltrarinens, which legitimately characterizes a
new and rapldly developlng concept, makes the
drawing of speclfle comparative conclusinne risky
at this time baefore o wmor: com rehensive
axperimental or theorettcal pleture has  been
developed.

The approach  taken
study uttltzed ad much as powslble that which ts
rather than that which aight be. Speclfically, n
FROP {3 solocted to form a FRC (L.e., no toroldal
fleld); adtabatlc compression of the ~ l=~keV FHC
to lgnition Lla invoked; the hented and ignited

effects; or this
to scale

results Alcator

FRC would ba stab{lfized by a passive shell that
aspurey  the rvequired ratio of  meparatrix-to-
. contnetor radius. The CTOR denwlygn reported

herotn 18 bateh burn and reflects am mch an  ia

poauible this "dewlgn=to~atnte-of =art"
plhitlonophy. The major asmumptioun mada in
arriving at this CTOR deslgn arel aquilibrium

connlrainty are given by obuervationn
relatively wmall exporiments; swtabtlization by a
panslve conducting shell {a powsible  within
wholl-to=plasmold radtus conntraints alwo given
by relat ively wnall exporimonte; eneryy
cunfinemont timen are  given by wealing

!

passively
"’an active feedback system, or
isgue 18
logses arc generally sssumed
experimental '’

assumption .

by the LASL CT reactor

mide  on

Laws



‘obtalned from tokamak experiments (i.e.,
or 200 Bohm); nearly constant

~inventories are assumed during the burn
(1.e., few
confincment times, T
confinenent

, much longer than encrgy

of neutral density Lf t, = . Lastly, active
feedback of either gross or local MHD is not
invoked by the CTOR desipgn reportnd herelin;

active feedback systems placed within the reactor
compared

environment {s consldered wunattractive
to stabilization by a passive, exo-blanket shell,
and present wunderstanding of CT equiliprium/-
stability is
time to permit a quantitative analysis of the
physics/technology” requirements of an in=-blanket
‘active feedback system. -~ ————— - ——- - =

i II.
Within the constraints imposcd by
. physical assumptions the CTOR as
“envisage | would use a Fleld-Reversed Theta
(FROP)
! plasmoid that is
.translated through a
, high-voltage plasmold wnource
heater are removed trom
. less hostlle environment.
conducting
‘blanket and shield.

SUMMARY

heated
_arn chamber.
and

subscquently
linear
The

Translation of the

plasmoid, showu schematlically on Fig. |, allows
portions of tlhie conducting shell that have not
exp erienced flux diffusion to be continuully
"exposed". A nearly (thermal) steady-state
operation of the filrst wall and blanket s
possible for appropriate plasmoild speceds and
injectlion rates. Locating the stabillzing
conducting B8hell outylde the blanket permits
SUPERCONDUCTING COILS-
=3 [=2 =1 C~31 C¥3
SHIELD
REGION
IB ,~CONDUCTING SHELL
PLASMA ' 0PN
OH  SEPARATRIX HIFID
CLUSED L
FIFLD LINES
Fiye 1. Compact torus geomotry showing cadius of
conductlng whell, roy [leat wall, Ty separatrix,
e, ond  plasaold  wenpth, 2. This FRL plammold

would be stabllized
shell  of current radluw r,
In located outside a
thicknens Ab » 0.5 m.

by a pnuulvuiy conducting
and ralckneonn 8§ tnat

%r.1-dl| " blanket, of

Alcator
particle

perliod
seconds), implying that the particle

times, tg, or considerable ingestion

- first-wall

. -shaell
not sufficiently Aevcloped at this

- ~invoking

these
presently
Pinch
to produce external to the reactor an FRC
and
The
compressioral
the burn chamber to a
atabllizing
shell would be positioned between the
lgnited

‘room-tempcerature operaction and ninimiz:s the
translatfonal power, whlich appears as joule
losses Iin the exo~blanket shell; these lusses can
be supplied directly by alpha-particle heatirg
through modest radial expansion of the plasmold
ingide a slightly flared conducting shell,
blankeL and first wall. Translational runaway is
prevented by the presence of a thin (~ l-um)
"ahell” cthat -is highly permeable to
magnetic flux penctration but which nevertheless
stabllices the lincar motion. Superconducting
colls are located outside the blanket, conducting
.and shield to provide a continuous bias
tield that !2 compressed between the conducting
shell and the plasmold; MHD sctabllity would
“thereby be provided throughout the -burn  without
--accive feedback -stabilization.—~—The
ignited plasmoid of Jength ¢ enters the burn
chamber with an ({nitial velocity equal to 2-5
timea l/l
stnbillzlng shell, describes the decay of
magnetic [lux uithln tﬂe annular area between the

where the electrlcal skin time of the

first wall and the plasma separatrix. The
plasmold velocity s subsequently reduced hy;
talloring the flare of the shell to maintain a

conttant firat-wall neutron loading along the
full length of the burn chamber. Plasmoid motion
ptoceeds untll the velocicy falls below 2/13, at
which point the reactor length is defined. The
plasmoid mot{on terminates In an end reglon where
expansion directly converts 1internal plasma
encrgy to clectricial eneryy. Encrgy confincnent
time HCdllnhq LDFSLBPDHdlng to classical, alcator
(TF = 3(1077 ) and 200 Bohm times
3.4 B/T,) were  parametrically investigated,
Both Alcator and 200 Hohm confinement eacalings
result In plasma and overall reactor performance
that 18 relatively Llnscnsitive to reaccor length;
thece burns  are thermally stable and eventually
nuench  because  of thermnl loss after an
acceptable  fucl burnup and yleld. As the energy
conflnement time L8 parametrically reduced, the
Increased plasma lossey can be supplied by
sliphtly {ncreasing  the plasma power density.
This capabllity results in a  reactor that is
remarkably {nvariant to the atusumoed plasma
transport am  the plasmold denslty and Lnjection
rate are ad fustable to give a deslred axially-
uniform wall loadling and total puwer.

The plauemy englneering models, wystem eneryy
balances, paranctric tradeoff  results  and  the
optimlzed deslgn polnt for CTOR are glven below.
Although wore attraciive operatlonal modes could
be  envisaged,  toas attractivencys can be galned
anly through added assunption at a level that s
not warranted by today's knowledpe of CT physf u.
Within the lmlis  of the assumptions made a
translating=plasmotd but wsteady=-state reactor
emeryen that dellvery an axlaliy~-unlform  neutcon
wall loading of 2 MW/m*, a nel electrical power
of 30 My frem a  device that  Ls 40-m  lony,
Injecte  a FRU once nvery 5.8 0 and requlres a
reclirealating power tractton of D015 (engineeving
Quvitlae, Qp = 0.8).

(v, =

i
!



T CTT7ITL. T PLACMA ENGINEERING
A. Plasma Sirmlation and Energy—-Balance Models

: Although all results presented herein are
based on dynanic zero-dimensional plasma
gimulations, the general tradeoffs wvere

quantified by an analytic model!® that was subse-
quently verfied by the
primary utilicy of the analytic model {8 the
ability to predict plasma and system conditi-ns
where the total power output would be minimized;
the analytic model could then be used to
‘constrain numerical plasma simlations to the
mfnlmum-power condition. This
occurs for a specific value of FRC separatrix
‘radius, r_, and 1s unique to the exo-blanket
conducting shell imposed ™ on "all CTOK designs.
‘Specifically, the power output decreases as rg 1is
..reduced as a consequence of the decreasing plasma
‘cross-sectional area. As r, decreases below ~
0.8 m, however, the eftective skin time required
" of the conducting shell, 14, dramatically
"decreases, causing the plasmoid velocity, ~ l/rs.
to lIncrease; in order to meet a specific burn
‘time, Q-value cr Lawson constrailnt, the reactor
"length and total power output correspondty
Increases. The use of this analytic minimum -
‘power constraint in conjunction with dynamic
“plasma simular (ons greatly facilitates the
‘ determination of the CTOR operating point. As
-‘'shown in Ref, 12, this ainimum-power constralint
takes the form (Ab + 6/2)/rc = 0.6(1-r /r.).
This relationship 1s wused to select optimal
design points from the large number of cases that
emerge from the numerical tradeolf studles.
The plasma stmulation code used to model the
CTOR is based on a three-particle, time-dependent
"polnt-plasma' model that {ncorporates analytical
equillbrium expression,d» 101213 allowing
three-dimenslonal spatial var{atlons to be
followed in time. Scarting with the
post-implosinn (FROP) phase, the plasma
trajectory is followed cthrough the tapered
" ‘compression chamber into the burn sectlon where
conducting shell losses (translational dray) are

supplied by radlal plasma expanslon that In turn
{s driven by alpha-particle heating. Referring
to Filg. 1 the required radlus of the conductlng

ghell, r,, which s positioned vutside a Ab =
0.5-m thick blanket, aud the placmold length, ¢,
are dofloed by expertmental results (x, = r,/r, 2
0.5 and 2/c, > 1.5). In addition to the plasma
burn  dynam[ca, an overall energy balance L«
performed 1long with a spatilal calculation of
thermal and structural response of the first
wall.

Flgure 2 depiets the CTOR energy balance
uird to pruvide a measure of plant percformance.
A capacttor bank enerpy, Wyangs 18 trongferced
tnto  che FRAP heatlny chamber with an electrleanl
efflciency of 0.9, all louses occurlng in
axternal elrcufts (f.r., non=cuocoverable). The
reaadining encrgy forms and heats the FRC to an
fnitial starting temperatuce (~ 1 xeV) and
providey the hias M{eld that couples to  that  in
the  burn chamber,  The FRC {8 then comprensed to
[gnitfon uslng the energy from a  mechanlenl

numerical model.!2 The ---

minimum -power --

W+ 6,180 M) w
%'-lmo
BURN
FRSP COMPRESSCR CHAMPER QUENCH
@ 08 > 08
Wy o TO
Waanx Weore'I73 W 3007 ¥y
- 4{62 TIOS Aj'”

€0 1/0g 7, W/ (Vg * Werme Wexn *Wyen 170 19
Lyl 6Mu/m?
Py 1.840/T;
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Fig- 2. FEnergy balance

reactor (CTOR).

the compact toroid

b

energy store, Wegup, having a transfer efflclency

ngrs 2 0.8. ce agaln, reversible encrygy
transfer ls not assumed. Upon entering the burn
chanber, translational power required to overcone
resistive losses in the conducting shell would be

provided directly by alpha~particle energy via
plasma expansion., As tl.a burn proceeds, plasma
thormal output includes neutronm, Wy, radiatlon,
Wpape Conduction, W oND’ and internal plasma
encrgy  Wyyp. The plasmc .d motion {8 terminated
in a quench region where plasma expansion

converts a portlon (~ 30-40%) of magnetiz fileld
and internal plasma energy directly to elecurical

energy, wEX H thiy small amount of
direct-convsrsYon energy contributes to the
recharge of t(he mechanical encrgy store. The

remalning plasmold encryy is extracted thermally
and contribures to the total thermal energy, We.,
which {n turn 14 converted to electricfty with an
efllclency nq = 0.35 to produce a gross electric
oL

encrgy, wHT' Auxillary requirements, HA’ (pumps,
cryogenles,  plant  operation, etc.), glven as a
fractlon £, = 0.07 of HE., completes  the energy
balance. A fraction ¢ of the total electrical
envryy HHT must be recireulated as makeup energy
We = elbpr, the net electric enerygy Ls  then
Wg = (1=r) Wep, and the overall plant  efflci-ncy
is np ~ (I~c)neqs  An enplneering Q-value, Qp, s
defined helow and serves as a  primarcy o%]cct
function for the system opilimization

Qy  Wyp/We = Ve

= nnr/ Mpank * Yoo < Mexe P Yax) o (D



T Parameter | studles ~using the plasma
simulation code were performed for a range of
plasmold radii, reactor lengrhs, plasma densities
and confinement time scalings. A plasmold s
produced by the FROP at 1.6 keV and is subse-
quently compressed to 8 keV in 0.1 s, requiring a
radial compresslon factor of ~ 2.9 and an axlal
reduction of ~ 1.9. The ignited plasmolid enters
the burn chamber wi{th an {Initlal plasmoid
velocity equal to 2-35 times £/1g. The velocity
or the plasmoid is reduced during the translation
‘by tatiloring the flare of the burn chamber 1in
‘order to maintain a constant first-wall neutron
current along the burn chamber. The plasnoid
velocity varies approximately as v « Pu/rw, wvhere
P (W) is the instantaneous alpha-particle power.
‘As T noted  previously, “motion
.v/(l/rs) <! at which time the translat{on
‘terminated and plasma expansion/quench occurs.

is

"B. Parametric Studies Lending to Design-Point
Determination

- 1. Sample Operating Point.

“typlcal ourn

Results from &
trajectory are shown in Fig. 3 for
‘an energy confincment cqual to 200 Bohm times,
This energy loss rate 13 extrapolated from
tokamak experiments.!2 The plasmoic¢ {s assuged to
lose no particles during [ts 1-2 s trajectory
down the linear burn chamber. In effec., 1If the
particle confinement time {8 on the order cf TE»
complete particle recycle with a cold gas blankect
is agsumed. The sample results depicted on
Fig. 3 are close to the optimal deslgn polnt
described In Sec. IV, A thermally-stable burn
results at a nearly optimal temperature of
Ty = 10-14 kev, achleving a fuel burnup of
fg~ 0.17 in tg = 1.96 s for this sample case.
The burn ts termlpnate! as fuel deplecion,
alpha-particle bufldup rnd plasmol1 expansion
result in losses that wultimately overcome
alpha-particle heating. The taper required of
the conductlng shell to overcome translational
drag (Joule) losses in the stablllzing shetl s
shown In Fig. 3C for both an actual scaic wmodel
and an exagperated scale, the latter better
fllustrating radlal variatlony. The fir-t wall
radius increases from 1.20 m to l.64 m over a
total reactor (burn section) length of 40 m [or a
conducting shell thickness of § = 0.05 m.
Speclifyfng the firdc-wall neutron loadlng to be
unfform over the roactor lenpth requires the
plamoid wvelocity to decrease from 3B m/s to
10 m/s at the outlet (Fig. I8) where the rtatio
Ty of actunl veloclty to minimum allowed
veloctity (1/1“) ta alsv plotted. The reactor
length traversed, ay defined by the tralling ~dye

of the %RC, s alsu glven In Fly. 8. A
comparison  between the mmerleal wolution and
results from an amalytic model for the cage
depleted In Fige 3 {8 found In Ref. 12,

T royylty glven in Fige 3 are close tu the
Jinal desfan polnt described {n Sec. [V, iy
destgn potnt  was  chowen on the hawts  of an

extonntve tradeofl study uti{lizing the CTOR model
described In Sece LA The more plobal results
of thede tradeolf study are now described.

proceeds ~until’

2.7 Parametric Tradeoff Studles. A paramet-—
ric evaluatton of design polr s for c, " 2=5 1is
shown on Fig. 4 in terms ot Qp versus burn
section length and various plasma densities. The
thermally stable plasma burn (l.e., Fig. JA)
dictates the overall reactor length, since losses
quench the burn, and translat{onzl power ({i.e.,
alpha-particle power) (s drained from the plasnma
to supply these transport losses. For a pgiven
plasma denslty the burn characteristics and QE
are relatively Insensitlive to variat{ons in L. A
decrease in Qp does occur for short reactor

‘lengths (L = 10 m for r,, ~ 2) because of reduced

burn times and a premiturely terminated burn
~cycle; for long renctorqllength (L = 80 o for_
Lyo = 3 at = 2(10)-*) 1increased pl;smolg
‘expansion and a lower toral "yleld leads  to ‘a

decrease 1In Q.
Fig. 3 occurs near the maximm Qg value.

Also shown in Fig. 4 are dotted curves of
14=MeV  neuatron doge per square meter ~f
first-wall, Ier(MJ/m ), where l/rI is the FRC

injeccion rate. A burn slmulation follows the
trajectory of a single plasmoid and calculates
the (constant) first-wall energy density along
with all other energy quantities necessary to
deflne an overall encrgy balance; the flryt~wall
loading or reactor power need not be defined
until 1, 15 chosen. -As expected, for a given
flrst-wafl neutron loadlng the 1injection tlme
must decrease as the length, L, increases; a
larger number of FRC’s are needed to supply the
power {n a larger device.

As shown in Ref. 12, a comparison of the
numerical results with the analytic solutlon
requi ‘s a Judlcious choize of ry,, = 3.0 to glve

an cquivaler* reactor length. Lsing this
parametel, a 6pectrum of design points has becn
genvrated for Qg versus filrsc-wall radius (at the

inlet of the burn sectlion). These desi;n points
are shown In Fig. 5 for a range of plaspa
densities., Along each {iso-density curve a
maximm reactor length 1s achicved where the

plasma burn optimally provides ctranslaction power.
The samole design point Lllustrated in Flg. 3 ts
also shown (n Flg. 5 to lle along the optimun
(maximum lengths) which gencerally corresponds  to
4 nearly optfonal (thermally stable) burn with
Ty ~ 10-15 kueV. Below this polne, excesslve
losses lead to a low yleld plasma burn with
corredpondlngly low values of Q- As the
firnt-wall radiuu {3 increased beyond that
required for maxtimum length a thermally wunstable
burn drives excessive plasma length expeusion;
{ncreayed Lranglatlonal drag and  cocrespondingly
shorter  systems  result, A flrst  observatlioan
indleatey that this reglon 14 attractive, with
shorter reactor  length achlevable at somewhat
higher QE valuvu. However, these  higher QF
valuey  reéwult from  excesslve  length expanylon
producing more direct=conversion earrgy {n  the
burn  chamber  and no® from Wigher plaspa ylelds,
The  phystes tmplicatlions  of  requiring large
planmold  length  expansf{uns  (2-4 ti{men starting
values) for high Qp Are not revolvabloe. At the
prenunt leve) ol understanding

The sample design point given In

the .
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Fig. 3. Sample CTUR plawma burn,
(A) Time=dependeat ploasaa temperatures and densities. (B) Plasmoid veloclty, v, the ratio r, =
v/(l/1H) and  the actual  length  traversed as a functlon of time shown. (C) Plasnotd trajectory
vursus reactor length showlng dimensonal changes In tor by and .

thermally=atable burns  are prefecred and are  comparison  between  the analytic model!? and the
cexpected to produce a more  credible  reactor numer{cal cases (Fig. §) for Q; =7 and
systom, I, = 2 MW/n" 1w shown In Fig. 6, Usinp fyo = 3.0

Minimizing the aize of the FROP pl.l!l?.l results In good agroement  between the analytic

source, FE o, L3 also desfrable.  Sluce Eqg = £,n and mmmerlenl resnlts, indicatiog that a minimun

for Xy T rﬁ‘/rc ¥ coastant, operatlion at  a  given firstewall radlus of r, = l.2 ¢ should be wused
Qp for the lowest poswuible value of r, ls for the 200 ryoyy cnde, as  determloed by the
dealrable,  In fact, a dudlte to minfm{ze the analytic model. In  both the analytfe  and

slze  rsnd energy of the FROP plasmold gonrce (8 a nur[u-_slcul casen, the burn  time, Tys varles as
major drivirg force In nelecting the CTOR desipgn r / .

point, At shown by the analytie model uned to A plot uf Qp versus flrest=wall  radtus for
eatabltsh the minimim power condition!?, hwever, Xy ° 0.% ta whown In Fig. 7 for a range of Hohm
the total veactor thermil power increanes rapldly  scaling parameters. Increaning  the lows  rate
ff the radiud I8 d crensed below ry = leZm. A requires 4 coreewponding  facrease  fa plasmn
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energy losses. The case where transport losses
are described by clasaical ctheory results in
thermal runaway and reduced yie&?s Eor r, > 0.7
m. Alcator scaling (rg ~ 3(10) na‘), which has

the same functional dependence as Bolm scaling

for a high-beta plasma confined at a constant

magnetic field, ylelded essentially the same

result as 200 Bohm. ST T R
Using the minimun-power relationships,

derived from the analytic CTOR
dependence of the relative
.required FROP energy, E_,
function of the Bohn mx?rtplten
is taken from Fig. 7 for Qg .= _7 _1in__orde:r to
-generate Fig. € for this minimum thermal power
condition. The required value of Pry and E; are
normalized to | for the 200 Bohm design point.
As shown in Ref. 12, {ncreasing §/ab from 0.10 to
0.25 decreases Pqy by ~ 2, and lowering r,o from
3 to 2 will further reduce the power ?1.e.,
lengeth) by another factor of 2 from the 1000-1Wt
value adopted as the design value. These
reductions wouid lower the design-point length to
only 10-m, which may not represent an economic
_power level.

scaling,12 the
thermal power and

Tne value of r,

IV, CTOR DESICN POINT
A. Plasma and Systen Parameters. The

sample de-
sign point discussed ln Sec. lIl.B.l corresponds
to a 200 Bohm encrzy confinement tlime. The
physics parameters for thls design are listed in

8/ab:01
= av:0am -

1, (010}

N T IR

/nf HON POINT

P) SR TR WY U WO YUY G W,
%100 150 2w0 230 300 330 430

BOHM MULTIPLIER

Ftg. B. Relatlve thermal power, Prye and plasma
aource (FROP) slze, Eg, for varfous conffoement
times normalized to the destign polnt valye. The

ninimum-power constralnt L8 imposed.!?

"Table il and the enérgy yleldsrgg}—FRC<NGJ}ﬁ—

i{s shown in Fig. 8 as a~

_rameters given in Tables I-III are

ekl
da

e

given in Table II along with the system energy
flovs required to eviluate the engineering
Q-value, Q. The system power {s sprcified by

choosing the Injection time, ty. Taking LS B 5.8
Bt glve a l4.l-MeV neurruvu w21l loading of 2
MW/m*, a thermal output of 1U50 MWt results with
a net electric power of 310 Mwe¢ for Qp = 6.8 and
h;ﬁ'- 0.35. Listed in Table III are tEe physical
parameters of the FROP, compressor section and
burn section as well as key engineering

parameters. ‘

Although =:he pa-l
sufficiently

B. Preliminary Plaunt Layout.

~_extensive to begin a conceptual ergineering
design of the CTOR power plant, this aspect of
the study has so far r.t been emphasized.

Nevertheless, a preliminary plant layout has been
made and is shown in Fig. 9. Future engineering
studies will focus on the mechanical and
electrical design of the FROP source and the
compressional heater, rather than the relatively
standard technology expected to be associated
with the linear burn chamber. i

For this 300-MWe CTOR plant, the plasma 138
formed in a FROP driven by a 62-MJ, 20-kV
capacltor bank. The 17540 homopolar'
motor/generator powers the travellng-wave-network
compressor which increases the plasma temperature '
from 1.5 to 8 keV at the 1inlet of the burn’
sectlon. A 4B-m long burn/quench sectlon
conslats of 24 cylindrical 2-.-long modules with
a solenold superconducting coil located every 4-m
(12 required). A beam dump 1s provided at both
ends to [ntercept the neutron streaming with wost
of the alpha-partlcle energy retalned by the
plasmold expected to exit the quench end of the
device anu be extracted thermally.

The burr section could be similar to the
nuclear island used in the Reverse-Ficld Pinch
Reactor.!1'1* The 0.5-m thick stalnless steecl
blanket would contain a 40 v/o Li,0 packed bed
{nto which penctrates radlally orlented water

TABLE [

PHYSICS PARAMETERS FOR CTUR DESLGH POINT '

Parameter Value |
Energy coof lnement time, TF(s) 0.1
Plasmold tran.lational
velocley, v(m/s) 2l 2 30-1u
Playma denslity, nl(lU‘ /m’) 2.5-U.5

Plasma temperature, Tl(kuV) ~ 18 |

lon-pyroradll In column, R/pg, 170 i
Ion-pgyrorad{l 1 minor radius,

S = ‘l/"l 2 30.
Beta, A, = 1 - 0. 0.87
Separatrix rat| x, = rg/r. 0.5
Burn time, rb’s) 1.95
Burnup, 20 3 0.17
Lawson parameter, nru(lﬂ‘ s/m”) 21.0



TABLE II o Tt Tt TABLE III N e e el

ENERGY INVENTORY E’O§ CTOR CTOR ENGINEERING P!/VLAMETERS
DESIGN PoINT'@
FROP Plasma Source Value
Value
Parametor ~"(MJ/FRC) -~ Number of colls 2
Radius {m) 3.4
Inftrial plasma - T st ot 164 -~ length (m) -0 o -— - 5 (each)
Final plasma a1.7 Capacitor energy, Wp..y (MJ) 62
Neutron [16.5 MeV/n) 5090. Terminal voltage, V %&V 20
Alpha particle ' _ 1090, Elcceric field, Eg ?k'l/cm) 0.95
Direct conversion - --32.6 -— —Risetime, 1g (us) 47.
Bremsstrahlung 9.1 " Pre~implos{on pressure, Py (szrri 0.5
Thermal conduction 897, - Post-implosion dersity, no(lO /a”) 1.4
Trapped poloidal flux (queach) ~ =~ =~ 77 7.0~ TT 77~ - Tt e C
Quench " T Tt T s g8 8 T~ Compressor T T T Tt ———
Total thermal 6170.
Conducting slell transport losses(b) 46.3 Radius (tapered), r (m) 3.4-1.7
Auxiliary, HAUX 151, " Length (m) 16
ETS losses (ngpg = 0.8), WETS 80. Homopolar specifications
FROF source bank, Wp,y g 61.8 ® Energy (MJ) 175
Hcmopolar compressor, ”co»m 175. - ® Efficiency 0.8
Homopvlar recharge at quench, Wpyp 70. ® Risetiwme (3) 0.1
Gross electric (npy = 0.35) 2160. Peak voltage (kV) 5
Circulating electric Jl8. Peak current (MA) 0.7
Net electric 1840,
Burn Section
(a)pefer to CTOR energy balance, Fig. 2. Length, L(m) ' 40
(b)provlded by alpha-particles expansion of the Tapered flrst-wall radius, ru(m) l.2-1.6
FRC plasmoid Blanker thickness, Ab(m) : 0.48

Conducting shell
] ® Thickness (m) o e 2.0
steam cooled U-tubes. A low-pressure (0.1 MPa) ® Fracclon of conductor in shell 9.7
helium purge gas is drifted through the grannlar Shield thickness (m) 1.5
Li,0 bed to extract tritium as an oxide. The Superconducting coil

slightly superheated (5-K) steam emerging from ® Radius (m) 3.2-3.6
this blanket would be used to drive a turbo- ® Magiret fleld (T) 3.1-1.5
gencrator. Despite the pulsed (plasma) nature of Maximun flrst-wall thermal response(a)

the burn, the inherent thermal capacity of this ® Bulk temperature rise (K) 23
blanket results In  less than a 5-K tempoerature ® Thermal differenctal, (K) 6
excursion within the blanket structure, although ® Thermal stress (MPa) 1.2
a l.0—mmthick copper first-wall undvrgoes a bulk

rise of 26 K (AT = 6 K across the mterlal, Overall Reactor Performance

leadling rto thermal str- ses of 1.2 MPa at the

inler end of the burn chaaber), A shield Engineering Q-value, Qp 6.8
composed of a O.1-m thick lead and a |.4-m thick Reclrculating power fractlon, e 0.15
borited-water region pretects the relatively low Flrst-wall loading, 1y (MW/m-) 2.0
fleld (1.5-3.9 T) NbTL-Cu superconducting magnet InJection time, tpfls) 5.8
colls (15 MA/m“ averayge current denslty exclusive Total thermal power, Py (MWr) 1050

of support structure) from thermal loading and Cross electric, Ppp (MWe) Je5
neutron/zamma-ray damage. Each of the 2-m long Recirculating power, P (MWe) 55
burn sectlon modul:s would be electrically and Net electric power, PE (MWe) 310
thermohydraullcally Independent. The solenoidal Thermal conversion cfficlency, "y 0.35
field colls would be fixed structures that are Plant efficlency, “p - n-m(l—r.) 0.30
adequately spaced to permit removal of the shield

and blankcet moduled. The magnet coils and shield

modules are of equal dimensions along the lenpth (a)t-xcursion In l.0—nmthick water-couoled

of the burn sectlon, while the elements of the copper at most severe locatlon (burn chamber
first wall and blanket are made propressively Inlet).

larger (In  a step-wise fashion) along the axlal

Length to provide the modest taper requlred for

alpha-particle=driven plasmold expansfon and Milntenance equlpment  for this system {s
translation. also lndicated {n Fly. 9. The entire CTOR {s

located  (nside a vacuum  tunnel which allows
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Fig. 9. Preliminary plant lavout.
relatively easy access to the vacuum seals confinement) an optimal burn 1s achieved ar a
(shleld plugs). Upon removal of three adjacent first-wall radius of 1.2 m« The radius cf the
2-z~long shield plugs, two solenoidal mannet conducting shell oust be tapered 40Z (1.7 m to
colls are wuncovered. The top-hemi-ylindrical 2.1 m) ove- the 40-m reactor length as the
half of the water shleld would be removed between plasmold veloclty varies from 3O to 10 m/e. The
the flxed superconducting colls. Sinple trans= reactor length cnuld be shortened by increasing
lating =otions then allow the other two shield the shell thickness (&8 ~ 0.05 m) or decreasing
sectlons (lociated under the magnet colls) to be the Lnlet plasmeld veloclcty; the 40-m reactor
recoved, uncovering three 2-m long firsc- length 1s considered to give an optimal system,
wall/blanket modules, The e modules are trans-— however, in terms of minlmlzing the FRPP source
ferred to the adjacent decontaminatinn cell and requirements sloultancously with mintmizing the
ultimately are moved into the hot cell facility. total reactor power output. This redactor
produces 310 MWe with a recirculating pover
V._ CONCLUSIONS AND FUTURE DIRECTIONS fraction of 0.15. Smaller radlus systcms are
A parapetric evaluatlon ot sample design achievable, although to malntain a good eneryy
points for a Conmpact Torold reactor that uses balance, the plasma density must be fncreased,
Fleld-Reversed Theta Pinch for a plasma source leading to a higher f{rst-wal' thermal cycle.

has been
of plasma transport,
radil and lengths.
time of 200 Bohm times

performed numer!/cally for a wide range
plasioa  dengities, reactor
For an energy conflnement

(projucted from tokamak

Generally, the CTUR i3 represented as a
hiph=-Q system of modest slzc. The pulsed energy
storage  requirements are only ~ 60 MJ of

capacitlive energy for the FROM and a 175MJ homo-



polar generator. Energy recovery is achieved in
the quench region without the use of opening
switches, with the plasma motion providing the
necessary switching characteristics. Te high-
voltage and actlve adource elcments have becen
complerely removed rom the totally passive

section. The linear system configuration
simplifies maintenance _ and . construc-ion
procedures. A natural divertor fs also presen*ed
by the open-field line geomctry outside the

separatrix, . .
The realizacion of this attractive system isg
contingent upon the transport properties assumed
for the plasma. Systems with high losses (g ~
0.1 s -for the design plant) will -either
higher operating densities_.(leading to higher
first~wall thermal cycie) or systems of larger
radial dimensions. Since the gize of the source
requirements increase as ~ nrg, laTger pulsed
power requirements are imposed. arcicle
transport may also have adverse effects on the
burn cycle. Te batch burn s8ystem used here
assumes littln change Iin the particle {inventory,
during the ~ -3 burn. Particle loss is likely
to occur along w' t*h injestion of gas streaming to
the plasmoid from the quench vregion. The
competition of these two processes will determine

the time-dependent particle ilnventory, a process
that requires rore detailed modeling.

- Recommendacions for future work include
primarily engineering considerations, although

further urderstanding of plasma transport must be

incorporated 1in the design-point determination.
Detailed designs of the FROP and compressor
sections midt be undertaken to define more

clearly tle energy losses and physical dimensions
of these two {important systems. Slower plasma
sources, such as the coaxlal theta-pinch, should
be {nvestigated in order to minimize the use of
high-voltage elements. The quench region must
also be more clearly defined along with the
necessary neutral particle densities needed to
quanch the plasma. Implications of the power
streaming from cthe pl. na and deposited at
reactor ends requires quantification; such
streaming 1s expected to result in a density
gradient along the machine which will certainly
impact energy/particle ctransport. The first-
wall/blanket ctemperature and mechanlcal stresses

must be optimized in terms of burn chumber life-
tlme and required malnteniance 1intervals; even
more conventf{onal thermal sysrems, such as the

pressurized water blanket system propused for the
Starflre tokamak reactor,!5 should be considered.
Maintenance procedures and overall plant layout
would also be refined. Lastly, a technologlcal
assessment of the CTOR plant should then be made
partlcularly with respcct to the new technologles
required of the plasma source, heater and quench
sections.

burn
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